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Abstract: A nanocomposite comprising of polypyrrole and reduced graphene oxide was electrodeposited onto a
carbon bundle fibre (CBF) through a two-step approach (CBF/PPy-rGO-2). The CBF/PPy-rGO-2 had a highly porous
structure compared to a nanocomposite of polypyrrole and reduced graphene oxide that was electrodeposited
onto a CBF in a one-step approach (CBF/PPy-rGO), as observed through a field emission scanning electron
microscope. An X-ray photoelectron spectroscopic analysis revealed the presence of hydrogen bond between the
oxide functional groups of rGO and the amine groups of PPy in PPy-rGO-2 nanocomposite. The fabricated CBF/PPy-
rGO-2 nanocomposite material was used as an electrode material in a symmetrical solid-state supercapacitor, and
the device yielded a specific capacitance, energy density and power density of 96.16 F g− 1, 13.35 Wh kg− 1 and of
322.85 W kg− 1, respectively. Moreover, the CBF/PPy-rGO-2 showed the capacitance retention of 71% after 500
consecutive charge/discharge cycles at a current density of 1 A g− 1. The existence of a high degree of porosity in
CBF/PPy-rGO-2 significantly improved the conductivity and facilitated the ionic penetration. The CBF/PPy-rGO-2-
based symmetrical solid-state supercapacitor device demonstrated outstanding pliability because the cyclic
voltammetric curves remained the same upon bending at various angles.
Keywords: Carbon bundle fibre, Graphene, Polypyrrole, Flexible supercapacitor
Background
The rapid growth of next-generation portable electronics
has led to intensive efforts to develop supercapacitors
with flexible, rigid, small, lightweight, eco-friendly and
high storage capacity [1]. Supercapacitors, which are also
known as electrochemical capacitors, offer a promising
alternative approach to energy storage devices because
of their ability to store and deliver a high power density,
and long life cycle with short charging time, simply by
utilising the charge separation of the electrochemical
interface between the electrode and electrolyte [2–4].
The conventional two-electrode system supercapacitors
are planar-structured, consisting of two active electrodes
kept apart by an electrolyte as an indispensable and elec-
trically insulating separator [5]. The supercapacitors are
large, bulky and heavy, and are not suitable for portable
electronic devices. Thus, to address this issue, much ef-
fort has been devoted to the development of fibre- or
wire-shaped supercapacitors that are flexible, lightweight
and easily shaped in portable electronic devices [6–8].
Fibre- or wire-shaped supercapacitors are commonly
built on fibrous or interwoven substrates and can be dir-
ectly integrated into a wearable and embedded device
units in sensors, environmental monitoring, display and
implanted medical devices [9]. Metal-based fibres such
as aluminium wires have previously been used as a
current collector or core electrode because of its high
conductivity and ease of availability. However, the per-
formance is limited due to its heaviness and is easily
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oxidised under ambient conditions [6, 10]. Carbon-based fi-
bres, like carbon microfibres and graphene fibres, have
been used to replace metal-based fibres owing to its great
flexibility, light weight, high mechanical strength, high con-
ductivity and stability under ambient conditions [6, 11].
The choice of electro-active materials also plays im-
portant roles in determining the electrochemical perfor-
mances of supercapacitor devices. Graphene has been
studied extensively as an electro-active material for
supercapacitors due to its promising properties such as
large (theoretical) surface areas, high charge carrier mo-
bility, excellent conductivity, high mechanical strength,
and extremely high thermal conductivity, with the ability
to store and release energy through the separation of
electronic and ionic charges in the electrode and electro-
lyte interface [12–15]. In particular, reduced graphene
oxide (rGO) is often used instead of graphene, mainly
because it can be ubiquitously produced from graphene
oxide (GO) through various methods such as hydrother-
mal reaction, laser irradiation and chemical or electro-
chemical reduction under mild conditions [16].
Moreover, using GO as a starting material can provide
good dispersion stability and prevent aggregation in the
reaction solution [17].
Simultaneously, electrically conducting polymers such
as polypyrrole (PPy) have been studied extensively as
pseudocapacitor materials for supercapacitors since they
offer good electrical conductivity, high charge densities,
low cost and excellent pseudocapacitor behaviours [18–
20]. Furthermore, the PPy also provides a greater degree
of flexibility in electrochemical processing [21, 22]. Con-
ducting polymers can improve the device by undergoing
a redox reaction to store a charge in the bulk of the ma-
terial and hence increase the energy stored and reduce
self-discharge [23, 24]. Recently, the hybridization of
carbon-based materials and conducting polymers is be-
lieved to be able to enhance the capacitance and stability
of a supercapacitor performance through the favourable
synergistic effect between them [25, 26].
This study focused on fabrication of flexible symmetrical
solid-state supercapacitors in which two carbon bundle
fibre (CBF) electrodes were assembled into a supercapaci-
tor device by using them to sandwich polyvinyl alcohol-
potassium acetate (PVA-CH3CO2K), which served as an
indispensable solid-state electrolyte. The CBF served as a
flexible current collector with electro-active materials,
while the rGO and PPy were electrochemically deposited
on it at a constant potential. The presence of the catalyst
in the aqueous solution (PPy-rGO-2) during the electro-
deposition was compared to those of PPy and PPy-rGO to
investigate the influences of the catalyst on the surface
morphology and electrochemical capacitive performance.
These symmetrical solid-state supercapacitors inherited
flexibility while maintaining high capacitive performances.
Methods
Graphite powder was purchased from Asbury Graphite
Mills Inc. (code no. 3061). Sulfuric acid (H2SO4), phos-
phoric acid (H3PO4), potassium permanganate (KMnO4)
and hydrogen peroxide (H2O2) were purchased from
Systerm Chemicals, Malaysia. Hydrochloric acid (HCl)
and iron (III) chloride (FeCl3) were purchased from
Sigma-Aldrich, while potassium acetate (CH3CO2K) was
purchased from BDH Reagents and Chemicals. Sodium
p-toluenesulfonate (NapTs), poly(vinyl alcohol) (PVA)
flakes (MW= 60,000) and glycerol purchased from
Merck, followed by pyrrole (99%) purchased from Acros
Organic, were stored at 0 °C and distilled before use.
Hydrophilic carbon cloth (ELAT) was purchased from
NuVant Systems Inc., USA.
The CBF/PPy-rGO-2 nanocomposite modified electrode
was fabricated by a two-step approach process (Scheme 1).
In a typical fabrication method, initially, graphene oxide
(GO) was prepared through the modified Hummer’s
method [27]. Then, a PPy-rGO-2 nanocomposite was
electrochemically deposited on a CBF using a one-
compartment cell with potentiostat/galvanostat (Princeton
Applied Research), following our previous work with
slight modification [28]. The aqueous solution contained a
mixture of 1.0 mM FeCl3, 1.0 mg/mL GO, 0.1 M pyrrole
and 0.1 M NapTS, and was vigorously stirred for 5 min. A
CBF was used as a working electrode, and platinum (Pt)
rod and saturated calomel electrode (SCE) were used as
counter and reference electrodes, respectively. The elec-
trochemical deposition was carried out at a constant po-
tential of +0.8 V (versus SCE) at room temperature for
Scheme 1 Schematic diagram of the synthesis process of CBF/PPy-rGO-2
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5 min. For comparison, a PPy-rGO nanocomposite and
PPy nanocomposite without the catalyst were synthesised.
All of the as-prepared electrodes were washed with dis-
tilled water and dried under ambient conditions before
proceeding to the fabrication of the symmetrical solid-
state supercapacitor device.
The solid-state electrolyte was prepared using 10% (w/
v) PVA in water and stirred continuously at 100 °C until
complete solvation. The potassium acetate (1.96 g) was
added to the solution and mixed thoroughly. This was
followed by glycerine (10% w/w) which was added as a
plasticiser to prevent the loss of electrolyte. Then, the
as-prepared CBF/PPy-rGO-2 was used as an electrode
for the fabrication of a symmetrical solid-state superca-
pacitor device. The two symmetrical electrodes were
dipped in the solid-state electrolyte and sandwiched to-
gether side by side which served as positive and negative
electrodes. Meanwhile, the solid-state electrolyte acted
as both the electrolyte and ion porous separator, and the
fabricated device was left to dry at room temperature.
The cross sections and surface morphologies of the as-
prepared electrodes were studied using an FEI Quanta
400F field emission scanning electron microscope
(FESEM). The core-level valence electrons of the sample and
the atomic percentages of the existing elements were charac-
terised by X-ray photoelectron spectroscopy (XPS), using a
Kratos Axis Ultra XPS spectrometer (Manchester, UK) with
an Al-Kα monochromatic radiation source (hν= 1486.6 eV,
10 mA emission current, and 15 kV accelerating voltage).
The electrochemical performances of the as-fabricated CBF/
PPy-rGO-2 electrode-based symmetrical solid-state superca-
pacitor devices were investigated using the potentiostat/gal-
vanostat (Princeton Applied Research). Electrochemical
impedance spectroscopy (EIS) measurements were per-
formed between 5 mHz and 100 kHz, with an AC amplitude
of 5 mV. Cyclic voltammetry (CV) and galvanostatic charge/
discharge (GCD) analyses were performed at a working po-
tential of 0–1 V. The specific capacitance in farads per gram
(Cm) of the supercapacitor device was calculated using inte-
gration on the area under a CV curve (Eq. 1) and the slope
of the discharge curve of the GCD (Eq. 2) [29].
Cm ¼ k
Z
i
ms
ð1Þ
Cm ¼ k it
Δv:m
ð2Þ
where ∫i is the integrated area of the CV curve, m is
the mass of the electro-active materials in grams, s is the
scan rate of the CV conducted, i is the applied current, t
is the elapsed time during the discharged process, Δv is
Fig. 1 Cross-sectional FESEM images along with images of surface morphologies (inset) of as-prepared electrodes. a Bare CBF. b CBF/PPy. c CBF/
PPy-rGO. d CBF/PPy-rGO-2
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the total working potential and k is a constant multiplier
(k = 2 if the mass of a single electrode is used and k = 4
if the mass of both electrodes is taken into account).
The energy densities and power densities of the superca-
pacitor devices were obtained from Eqs. 3 and 4, re-
spectively [30].
Ecell ¼ 12CcellV
2 ð3Þ
Pcell ¼ Ecell
Δt
ð4Þ
where Ccell is the specific capacitance of the cell from
a charge/discharge calculation (F g− 1), V is the potential
window (V) and Δt is the discharge time (s).
Results and Discussion
In Fig. 1a, the bare CBF consists of a bundle of carbon
fibre with a clear and smooth surface, and for a single
carbon fibre has a diameter of ~8 μm. During the elec-
trochemical deposition, the electro-active materials were
only deposited on the outer surface of CBF, which can
be seen from the FESEM cross-sectional images. The
PPy has a typical bulbous and cauliflower morphology,
as depicted in Fig. 1b, while Fig. 1c shows that the PPy-
rGO generated an almost flat surface with some creases
easily found [17]. The morphology of the PPy changed
drastically when GO was introduced into the aqueous
solution, with no clear distinction between the PPy and
GO [31]. In the presence of the catalyst, the PPy-rGO-2
images reveal a highly porous network with an extended
and continuous morphology [32], as displayed in Fig. 1d.
The difference in the surface morphologies of the
PPy-rGO and PPy-rGO-2 compared to that with PPy
alone can be explained by the formation mechanism
for the PPy on the rGO sheets during the potentiostatic
electropolymerisation and catalyst-assisted electrodeposi-
tion process. The one-step approach of the potentiostatic
electropolymerisation process for PPy-rGO resulted in a
continuous layer-by-layer deposition of PPy and GO,
where negatively charged GO would be attracted to the
pyrrole radical cations during the electrodeposition, and a
new layer of PPy would form when the existing GO was
fully occupied by PPy [33]. The reaction consequently re-
moved oxygen from GO, thus converting GO into rGO
[31]. In contrast, the catalyst-assisted electrodeposition
process for PPy-rGO-2 involved a two-step approach, in
which during the stirring process, the catalyst oxidised the
pyrrole monomers initially to form PPy nanoparticles on
the GO sheets (PPy-GO). The subsequent electrodeposi-
tion process increased the size and amount of PPy and
then bound the sheets to one another and reduced the
GO to rGO, which resulted in a maximum exposed area
of PPy and prevented the rGO from restacking with the
neighbouring rGO [28]. The highly porous structure of
PPy-rGO-2 facilitated the electrolyte penetration and
eventually increased the specific capacitance value.
Figure 2 shows the XPS survey spectra of the PPy-rGO
and PPy-rGO-2 nanocomposites. It illustrates the pres-
ence of oxygen, nitrogen, carbon and sulphur in the PPy-
rGO and PPy-rGO-2 nanocomposites. The details of the
atomic compositions of the PPy-rGO and PPy-rGO-2
nanocomposites are listed in Table 1. The carbon and ni-
trogen elements arose from the PPy backbone, whereas
the sulphur came from the NapTS used as a dopant in the
polymerisation process. Of course, a major portion of the
carbon also came from the graphene oxide. However, the
oxygen most likely originated from the surface oxidation
of the PPy. These results were found to be consistent with
the previous report on electrochemically deposited PPy
nanoparticle incorporated rGO [34].
High-resolution XPS measurements were performed
to comprehend the possible chemical bonding, including
oxidation and states of the PPy-rGO and PPy-rGO-2
nanocomposites, as well as to estimate their composi-
tions. Figures 3 and 4 show the deconvolution of high-
Fig. 2 XPS survey scans of PPy-rGO and PPy-rGO-2 nanocomposites
Table 1 Elemental compositions of fabricated nanocomposites
Nanocomposite Element Binding energy
(eV)
Atomic percentages
(at.%)
PPy-rGO S 168.5 1.98
C 284.5 75.08
N 400.0 2.58
O 532.0 20.35
PPy-rGO-2 S 167.5 3.53
C 285.0 71.00
N 399.5 6.79
O 531.5 18.69
Abdul Bashid et al. Nanoscale Research Letters  (2017) 12:246 Page 4 of 10
resolution S2p, C1s, N1s and O1s core-level spectra and
the relative binding energies for PPy-rGO and PPy-rGO-
2, respectively. The details of the chemical bonding
states, photoelectron line positions and percentages of
the deconvoluted components from the high-resolution
S2p, C1s, N1s and O1s spectra are presented in Table 2.
Figure 3a demonstrates the deconvolutions of the
high-resolution XPS spectrum of the S2p photoelectron
line for PPy-rGO. The S2p can be resolved into three
components at 165.4, 166.9 and 168.5 eV due to the
contributions from the C4H4S, S–O– and SO2 species,
respectively. This shows that the occurrence of these sa-
lient chemical bonding states is in good agreement with
the NIST database (NIST Standard Reference Database
20, Version 4.1). The curve fitting of the high-resolution
C1s photoelectron line is depicted in Fig. 3b. The decon-
voluted C1s spectrum is subdivided into three fragments
at three different binding energies of 282.4, 284.6 and
286.4 eV. The first two components are attributed to the
presence of the carboxyl group bonding state and steady
peak position π-π interactions in pyrrole rings, respect-
ively. The third component at 286.4 eV suggests the pos-
sible occurrence of C–S/C=O/C=N/=C–NH+ bonding
structures in the nanocomposites. The deconvolution of
the N1s peak in the XPS spectrum offers three compo-
nents with remarkably different intensities, as shown in
Fig. 3c. The first peak detected at 399.7 eV is ascribed to
neutral nitrogen in the pyrrole ring (–NH). The second
component detected at 400.9 eV corresponds to the po-
laron state (–NH+–), and another peak at a relatively
higher binding energy (402.1 eV) can be assigned to
=NH+–, which may have originated from the presence
of bipolaron charge carriers [35]. Figure 3d shows the de-
convolution of the O1s spectrum, where three segments
are located at binding energy positions of 530.8, 531.6 and
532.9 eV, suggesting the presence of C=O/S=O/O=C/
HO–C bonds, C=O/O–C=O bonds and O–C/C–O–C/
COOH/C–OH/H2O bonds, respectively. The C–O and
COOH bonds are offcuts of the oxide functional groups
of graphene oxide, whereas the S–O bond originates from
the NapTS used in the polymerisation process.
The as-stated three component peaks of the S2p
photoelectron line for PPy-rGO-2 could be fitted to the
binding energies of 167.5 eV (C4H4S), 168.5 eV (S–O–)
and 169.4 eV (SO2), respectively, as depicted in Fig. 4a.
The high-resolution XPS spectra of C1s and N1s are im-
perative because the shift in the photoelectron line pos-
ition indicates a difference in the electron density of the
neighbouring atoms via the existing chemical bonding
states [36]. In the PPy-rGO, the principal C1s peak at a
binding energy of 284.6 eV is related to the steady peak
position π-π interactions, which is consistent with an
Fig. 3 XPS core-level spectra of PPy-rGO nanocomposite and corresponding deconvolutions of a S2p, b C1s, c N1s and d O1s states. Dotted lines
show raw data, and solid lines are fitting curves
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earlier report [37]. However, for the PPy-rGO-2, the
main C1s peak was found to shift slightly (0.5 eV) to-
wards a higher binding energy, as depicted in Fig. 4b.
The shift indicates a possible electronic disorder pro-
duced via new chemical bonds, which refer to the
hydrogen-bridge bond between the oxygen containing
the functional group of carbon and the NH-group of PPy
[38]. For this hydrogen-bridge bond, electrons transfer
from the C to O atoms of the carbon functional groups
and the NH-group of the PPy. As a result, the reduced
electron density of the C atoms confirms a progressive
transfer of the C1s XPS spectrum. However, for the N1s
spectrum, the reverse phenomenon is expected because in
N atoms, the electron density rises over the creation of
the hydrogen bonds. This feature is clearly seen in Fig. 4c
and Table 2. This negative shift of the N1s spectrum indi-
cates the electron donation through the oxygen function-
alities of carbon, which is responsible for the electron
dislocations in the vicinity of the nitrogen atoms [39, 40].
A similar feature is also noticed for the O1s spectrum in
Fig. 4d for the PPy-rGO-2 sample.
Cyclic voltammetry (CV) measurements were carried
out to evaluate the electrochemical performance of the
supercapacitor devices. The CBF/PPy, CBF/PPy-rGO
and CBF/PPy-rGO-2 supercapacitor devices had pseudo-
rectangular-shaped cyclic voltammogram without any
observable redox peaks at a scan rate of 100 mV s− 1 as
shown in Fig. 5a, indicating a good capacitive behaviour
for the supercapacitors while using the CBF as the
current collector [41]. The specific capacitance of the
CBF/PPy-rGO-2 was 130.81 F g− 1, which was 1.56 and
3.37 times higher than that of CBF/PPy-rGO (83.58 F g−
1) and CBF/PPy (38.78 F g− 1), respectively, due to the
improved conductivity and diffusion of the ions into the
electro-active materials present on the electrode surface.
It can be proven by the equivalent series resistance
(ESR) obtained from the first x-intercept value and the
slope (tan θ) of the Nyquist plot [6] in Fig. 5b, based on
EIS measurements. The ESR values of the CBF/PPy,
CBF/PPy-rGO and CBF/PPy-rGO-2 were 47.75, 39.09
and 21.30 Ω, respectively, revealing that the presence of
the rGO improved the conductivity of the PPy. The cal-
culated Nyquist plot slope value is theoretically parallel
to the imaginary axis (vertical line), indicating a real
capacitive behaviour and low ionic diffusion resistance
within the electrode structure [41]. The Nyquist plot of
CBF/PPy-rGO-2 is almost a straight line, ~90°, as com-
pared to that of CBF/PPy and CBF/PPy-rGO, resulting
in a good diffusion of the electrolyte ions in the PPy-
rGO-2 electrodes.
Moreover, the charge transfer resistance (Rct) can also
be calculated from the diameter of the semicircle formed
Fig. 4 XPS core-level spectra of PPy-rGO-2 nanocomposite and corresponding deconvolutions of a S2p, b C1s, c N1s and d O1s states. Dotted
lines show raw data, and solid lines are fitting curves
Abdul Bashid et al. Nanoscale Research Letters  (2017) 12:246 Page 6 of 10
by the Nyquist plot, which relates to the interfacial pro-
cesses of the counter-ions through the electrode/electro-
lyte interface [31]. The Rct values of the PPy, PPy-rGO
and PPy-rGO-2 modified electrodes were 33.38, 22.57
and 4.85 Ω, respectively, revealing that among the inves-
tigated electrodes, the PPy-rGO-2 modified electrode
had the lowest interfacial resistance with a good charge
propagation behaviour. Moreover, CBF/PPy-rGO-2 had
a highly porous structure, which enabled easier access
for the electrolyte ions, resulting in less resistance in the
electrode [28]. Thus, the high conductivity and good dif-
fusion of the electrolyte contributed to a higher specific
capacitance value.
Galvanostatic charge/discharge (GCD) test for the super-
capacitor devices was performed at a constant current
density of 1 A g− 1. The CBF/PPy supercapacitor device
failed to charge up to the highest applied potential (1.0 V),
as depicted in Fig. 5c. This phenomenon could be attrib-
uted to the gap between the deposited layer and the current
collector, as shown in Fig. 1b, which eventually disrupted
the penetration of the electrolyte and the faradaic charging/
discharging between the electrolyte and electrode. In
contrast, the CBF/PPy-rGO and CBF/PPy-rGO-2 had
asymmetrical charge and discharge curves, which imply
pseudo-capacitance behaviours [42]. In addition, the IR
drops were due to the presence of internal resistance in the
electrode associated with the electrical connection resist-
ance, bulk solution resistance and resistance of ion migra-
tion in the electrode, which contributed to the non-linear
discharge curves [43]. As seen in Fig. 5c, CBF/PPy-rGO-2
had a lower IR drop than CBF/PPy-rGO at the beginning
of the discharge process, indicating better charge efficiency
[44]. The specific capacitance of the CBF/PPy-rGO-2
supercapacitor device was 96.16 F g− 1, which was 1.51-fold
higher than that of CBF/PPy-rGO (63.27 F g− 1). The CBF/
PPy-rGO-2 supercapacitor device had an energy density
and power density of 13.35 Wh kg− 1 and 322.85 W kg− 1,
respectively.
In order to evaluate the cycling stability of the CBF/
PPy-rGO-2 supercapacitor device, GCD studies were
performed at a relatively high current density of 1 A g− 1,
and the capacity retention as a function of the number of
GCD cycles is presented in Fig. 5d. During the first 25 cycles
of GCD, the capacity retention decreased by about 21%,
presumably related to the low electrochemical stability of
PPy, degradation of the polymer chain and deterioration of
Table 2 Curve fitting results for core-level binding energies of fabricated nanocomposites
Core-level Bonding states Binding energy (eV) FWHM (eV) Percentages of the component (%)
PPy-rGO S2p C4H4S 165.4 1.2 23.75
S–O– 166.9 1.2 44.88
SO2 168.5 1.2 31.36
C1s Carboxyl group 282.4 1.3 20.81
Steady peak position π-π interactions 284.6 1.3 60.24
C–S/C=O/C=N/=C–NH+ bonds 286.4 1.3 18.95
N1s –NH– 399.7 1.2 64.39
=C–NH+– (polaron) 400.9 1.2 20.46
=NH+– (bipolaron) 402.1 1.2 15.15
O1s C=O/S=O/O=C/HO–C bonds 530.8 1.2 24.87
C=O/O–C=O bonds 531.6 1.2 32.52
O–C/C–O–C/COOH/C–OH/H2O bonds 532.9 1.4 42.61
PPy-rGO-2 S2p C4H4S 167.5 1.0 48.43
S–O– 168.5 1.1 38.92
SO2 169.4 1.0 12.56
C1s Carboxyl group 284.2 1.2 41.81
Steady peak position π-π interactions 285.1 1.2 32.58
C–S/C=O/C=N/=C–NH+ bonds 286.8 1.4 25.60
N1s –NH– 399.2 1.1 28.14
=C–NH+– (polaron) 400.0 1.1 50.24
=NH+– (bipolaron) 401.4 1.1 21.62
O1s C=O/S=O/O=C/HO–C bonds 529.5 1.6 22.74
C=O/O–C=O bonds 530.9 1.9 47.96
O–C/C–O–C/COOH/C–OH/H2O bonds 532.5 1.5 29.30
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the electro-active materials after an abrupt and excessive
swelling and shrinking process during the GCD cycles [27,
45]. Encouragingly, the GCD cycles stabilised thereafter,
and after 500 cycles, the CBF/PPy-rGO-2 had a capacity re-
tention of 71% at a current density of 1 A g− 1.
To investigate the mechanical bendability/flexibility of
the as-fabricated supercapacitor device and its effect on
the capacitance, the CBF/PPy-rGO-2 was bent at various
angles, as depicted in Fig. 6. Interestingly, shape and size
of the CV curves were almost the same at all angles at a
scan rate of 100 mV s− 1, revealing that the bending had
nearly no effect on the specific capacitance values. The
combination of solid-state electrolyte and flexible
current collector with flexible free-standing electro-
active materials made the CBF/PPy-rGO-2 supercapaci-
tor device capable of withstanding stress with no drastic
Fig. 5 Electrochemical performances of CBF/PPy, CBF/PPy-rGO and CBF/PPy-rGO-2 modified carbon bundle fibre-based symmetrical solid-state
supercapacitor devices. a CV curves at scan rate of 100 mV s− 1. b Nyquist plots. c Galvanostatic charge/discharge profiles at a current density of 1
A g− 1. d Capacity retention of CBF/PPy-rGO-2 supercapacitor device at a current density of 1 A g− 1, with their respective curves shown in
the inset
Fig. 6 a Images of flexible supercapacitor device and b CV curves of CBF/PPy-rGO-2 supercapacitor devices bent at various angles at a scan rate
of 100 mV s− 1
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changes in its electrochemical performance, demonstrat-
ing an excellent mechanical bendability. The good cycle
stability and excellent flexibility of the CBF/PPy-rGO-2
also further demonstrated a promising potential applica-
tion as a flexible supercapacitor in portable electronic
devices. Similar works reported on the mechanical flexi-
bility of electrode materials upon straight-bending
process, but none of them measured the performance of
electrode materials upon continuous GCD cyclic stabil-
ity, as summarised in Additional file 1: Table S1.
Conclusions
A flexible and bendable supercapacitor device was fabricated
by using a simple and low-cost two-step electrochemical de-
position of PPy and rGO on the surface of carbon bundle
fibre and assembled into supercapacitor devices by using
them to sandwich a solid-state electrolyte. The formation of
a hydrogen bond in CBF/PPy-rGO-2, as depicted in the
XPS results, transferred electrons efficiently between the
rGO and PPy components, leading to an excellent electro-
chemical performance for the symmetrical solid-state car-
bon bundle fibre supercapacitor. The formation of a high
porosity structure in the PPy-rGO-2 efficiently increased
the ionic penetration, which remarkably enhanced the spe-
cific capacitance value of 96.16 A g− 1 at a current density
of 1 A g− 1. The CBF/PPy-rGO-2 supercapacitor device has
a capacity retention of 71% after 500 GCD cycles, and it
showed outstanding stability when subjected to bending at
various angles. Therefore, these results demonstrate the
feasibility of fabricating flexible supercapacitors for portable
electronic devices using the simple electrochemical depos-
ition of active materials on a carbon bundle fibre.
Additional files
Additional file 1: Table S1. Electrochemical performances of flexible
graphene-based solid-state fibre supercapacitors. (DOCX 26 kb)
Acknowledgements
This research work was financially supported by Putra Grant IPB (GP-IPB/
2014/9440701) and IRU-MRUN (9399901) in the design of the study and col-
lection, analysis and interpretation of the data and writing of the manuscript.
Authors’ Contributions
HAAB and HNL conceived and designed the experiments. HAAB performed
the experiments and wrote the manuscript together with HNL. HAAB, HNL,
MMR, MA, ZTJ and PA analysed the data. HNL, NMH and ZTJ contributed the
reagents, materials and analysis instruments. HNL, SK, SAR, RY, NMH, CYY,
MMR, MA, ZTJ and PA gave the idea and advice on every problem that
occurred while doing this research. All authors read and approved the final
manuscript.
Competing Interests
The authors declare that they have no competing interests.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1Department of Chemistry, Faculty of Science, Universiti Putra Malaysia,
43400 UPM Serdang, Selangor, Malaysia. 2Functional Device Laboratory,
Institute of Advanced Technology, Universiti Putra Malaysia, 43400 UPM
Serdang, Selangor, Malaysia. 3Department of Chemical and Environmental
Engineering, Faculty of Engineering, Universiti Putra Malaysia, 43400 UPM
Serdang, Selangor, Malaysia. 4Materials Processing and Technology
Laboratory (Nanomaterials and Nanotechnology Group), Institute of
Advanced Technology, Universiti Putra Malaysia, 43400 UPM Serdang,
Selangor, Malaysia. 5Faculty of Engineering, Xiamen University of Malaysia,
Jalan Sunsuria, Bandar Sunsuria, 43900 Sepang, Selangor Darul Ehsan,
Malaysia. 6Newcastle University Singapore, SIT Building @ Ngee Ann
Polytechnic, 537 Clementi Road #06-01, Singapore 599493, Singapore.
7Department of Physics, Jahangirnagar University, Savar, Dhaka 1342,
Bangladesh. 8Surface Analysis and Materials Engineering Research Group,
School of Engineering and Information Technology, Murdoch University,
Murdoch, WA 6150, Australia. 9Research Institute & Department of Chemistry,
SRM University, Kattankulathur-603 203, Chennai, India.
Received: 10 February 2017 Accepted: 19 March 2017
References
1. Lu X, Yu M, Wang G, Tong Y, Li Y (2014) Flexible solid-state supercapacitors:
design, fabrication and applications. Energ Environ Sci 7(7):2160–2181
2. Zhang LL, Zhou R, Zhao X (2010) Graphene-based materials as
supercapacitor electrodes. J Mater Chem 20(29):5983–5992
3. Wang Y, Shi Z, Huang Y, Ma Y, Wang C, Chen M, Chen Y (2009)
Supercapacitor devices based on graphene materials. J Phys Chem C
113(30):13103–13107
4. Sun J, Huang Y, Fu C, Wang Z, Huang Y, Zhu M, Zhi C, Hu H (2016) High-
performance stretchable yarn supercapacitor based on PPy@ CNTs@
urethane elastic fiber core spun yarn. Nano Energy 27:230–237
5. Shao Y, El-Kady MF, Wang LJ, Zhang Q, Li Y, Wang H, Mousavi MF, Kaner RB
(2015) Graphene-based materials for flexible supercapacitors. Chem Soc Rev
44(11):3639–3665
6. Le VT, Kim H, Ghosh A, Kim J, Chang J, Vu QA, Pham DT, Lee J-H, Kim S-W,
Lee YH (2013) Coaxial fiber supercapacitor using all-carbon material
electrodes. ACS Nano 7(7):5940–5947
7. Liang Y, Wang Z, Huang J, Cheng H, Zhao F, Hu Y, Jiang L, Qu L (2015)
Series of in-fiber graphene supercapacitors for flexible wearable devices. J
Mater Chem A 3(6):2547–2551
8. Huang Y, Zhu M, Huang Y, Li H, Pei Z, Xue Q, Liao Z, Wang Z, Zhi C (2016)
A modularization approach for linear-shaped functional supercapacitors. J
Mater Chem A 4(12):4580–4586
9. Cai X, Peng M, Yu X, Fu Y, Zou D (2014) Flexible planar/fiber-architectured
supercapacitors for wearable energy storage. J Mater Chem C 2(7):1184–1200
10. Nam S, Jang J, Park J-J, Kim SW, Park CE, Kim JM (2011) High-performance
low-voltage organic field-effect transistors prepared on electro-polished
aluminum wires. ACS Appl Mater Interfaces 4(1):6–10
11. Li X, Zhao T, Wang K, Yang Y, Wei J, Kang F, Wu D, Zhu H (2011) Directly
drawing self-assembled, porous, and monolithic graphene fiber from
chemical vapor deposition grown graphene film and its electrochemical
properties. Langmuir 27(19):12164–12171
12. Lee C, Wei X, Kysar JW, Hone J (2008) Measurement of the elastic properties
and intrinsic strength of monolayer graphene. Science 321(5887):385–388
13. Stankovich S, Dikin DA, Dommett GH, Kohlhaas KM, Zimney EJ, Stach EA,
Piner RD, Nguyen ST, Ruoff RS (2006) Graphene-based composite materials.
Nature 442(7100):282–286
14. Stoller MD, Park S, Zhu Y, An J, Ruoff RS (2008) Graphene-based
ultracapacitors. Nano Lett 8(10):3498–3502
15. Berger C, Song Z, Li X, Wu X, Brown N, Naud C, Mayou D, Li T, Hass J,
Marchenkov AN (2006) Electronic confinement and coherence in patterned
epitaxial graphene. Science 312(5777):1191–1196
16. Li Y, Sheng K, Yuan W, Shi G (2013) A high-performance flexible fibre-
shaped electrochemical capacitor based on electrochemically reduced
graphene oxide. Chem Commun 49(3):291–293
17. Lim YS, Tan YP, Lim HN, Tan WT, Mahnaz MA, Talib ZA, Huang NM, Kassim
A, Yarmo MA (2013) Polypyrrole/graphene composite films synthesized via
potentiostatic deposition. J Appl Polym Sci 128(1):224–229
Abdul Bashid et al. Nanoscale Research Letters  (2017) 12:246 Page 9 of 10
18. Ryu KS, Kim KM, Park N-G, Park YJ, Chang SH (2002) Symmetric redox
supercapacitor with conducting polyaniline electrodes. J Power Sources
103(2):305–309
19. Attia NF, Lee SM, Kim HJ, Geckeler KE (2014) Nanoporous polypyrrole:
preparation and hydrogen storage properties. Int J Energy Res 38(4):466–476
20. Zhu M, Huang Y, Deng Q, Zhou J, Pei Z, Xue Q, Huang Y, Wang Z, Li H,
Huang Q (2016) Highly flexible, freestanding supercapacitor electrode with
enhanced performance obtained by hybridizing polypyrrole chains with
MXene. Adv Energy Mater 6(21):1–9
21. Snook GA, Kao P, Best AS (2011) Conducting-polymer-based supercapacitor
devices and electrodes. J Power Sources 196(1):1–12
22. Huang Y, Li H, Wang Z, Zhu M, Pei Z, Xue Q, Huang Y, Zhi C (2016)
Nanostructured polypyrrole as a flexible electrode material of
supercapacitor. Nano Energy 22:422–438
23. Sharma R, Rastogi A, Desu S (2008) Manganese oxide embedded
polypyrrole nanocomposites for electrochemical supercapacitor. Electrochim
Acta 53(26):7690–7695
24. Jin M, Han G, Chang Y, Zhao H, Zhang H (2011) Flexible electrodes based
on polypyrrole/manganese dioxide/polypropylene fibrous membrane
composite for supercapacitor. Electrochim Acta 56(27):9838–9845
25. Lee H, Kim H, Cho MS, Choi J, Lee Y (2011) Fabrication of polypyrrole (PPy)/
carbon nanotube (CNT) composite electrode on ceramic fabric for
supercapacitor applications. Electrochim Acta 56(22):7460–7466
26. An H, Wang Y, Wang X, Zheng L, Wang X, Yi L, Bai L, Zhang X (2010)
Polypyrrole/carbon aerogel composite materials for supercapacitor. J Power
Sources 195(19):6964–6969
27. Ng CH, Lim HN, Lim YS, Chee WK, Huang NM (2014) Fabrication of flexible
polypyrrole/graphene oxide/manganese oxide supercapacitor. Int J Energy Res
39(3):344–355
28. Lim YS, Lim HN, Lim SP, Huang NM (2014) Catalyst-assisted electrochemical
deposition of graphene decorated polypyrrole nanoparticles film for high-
performance supercapacitor. RSC Adv 4(99):56445–56454
29. Chee WK, Lim HN, Zainal Z, Huang NM, Harrison I, Andou Y (2016) Flexible
graphene-based supercapacitors: a review. J Phys Chem C 120(8):4153–4172
30. Liu C, Yu Z, Neff D, Zhamu A, Jang BZ (2010) Graphene-based supercapacitor
with an ultrahigh energy density. Nano Lett 10(12):4863–4868
31. Lim YS, Tan YP, Lim HN, Huang NM, Tan WT (2013) Preparation and
characterization of polypyrrole/graphene nanocomposite films and their
electrochemical performance. J Polym Res 20(6):1–10
32. Jumeri F, Lim H, Zainal Z, Huang N, Pandikumar A, Lim S (2015) Dual
functional reduced graphene oxide as photoanode and counter electrode
in dye-sensitized solar cells and its exceptional efficiency enhancement. J
Power Sources 293:712–720
33. Chee WK, Lim HN, Harrison I, Chong KF, Zainal Z, Ng CH, Huang NM (2015)
Performance of flexible and binderless polypyrrole/graphene oxide/zinc
oxide supercapacitor electrode in a symmetrical two-electrode
configuration. Electrochimica Acta 157:88–94
34. Lim SP, Pandikumar A, Lim YS, Huang NM, Lim HN (2014) In-situ
electrochemically deposited polypyrrole nanoparticles incorporated reduced
graphene oxide as an efficient counter electrode for platinum-free dye-
sensitized solar cells. Sci Rep 4:5305
35. Su N, Li H, Yuan S, Yi S, Yin E (2012) Synthesis and characterization of
polypyrrole doped with anionic spherical polyelectrolyte brushes. Express
Polym Lett 6:697
36. Li L, Chan C-M, Weng L-T (1998) The effects of specific interactions on the
surface structure and composition of miscible blends of poly (vinyl alcohol)
and poly (N-vinyl-2-pyrrolidone). Polymer 39(11):2355–2360
37. Wepasnick KA, Smith BA, Bitter JL, Fairbrother DH (2010) Chemical and
structural characterization of carbon nanotube surfaces. Anal Bioanal Chem
396(3):1003–1014
38. Mosch HLKS, Höppener S, Paulus RM, Schröter B, Schubert US, Ignaszak A
(2015) The correlation of the binding mechanism of the polypyrrole-carbon
capacitive interphase with electrochemical stability of the composite
electrode. Phys Chem Chem Phys 17(20):13323–13332
39. O'Shea JN, Schnadt J, Brühwiler PA, Hillesheimer H, Mårtensson N, Patthey L,
Krempasky J, Wang C, Luo Y, Ågren H (2001) Hydrogen-bond induced surface
core-level shift in isonicotinic acid. J Phys Chem B 105(10):1917–1920
40. Zhou S, Zheng X, Yu X, Wang J, Weng J, Li X, Feng B, Yin M (2007)
Hydrogen bonding interaction of poly (D, L-lactide)/hydroxyapatite
nanocomposites. Chem Mater 19(2):247–253
41. Wang J, Gao Z, Li Z, Wang B, Yan Y, Liu Q, Mann T, Zhang M, Jiang Z (2011)
Green synthesis of graphene nanosheets/ZnO composites and
electrochemical properties. J Solid State Chem 184(6):1421–1427
42. Mondal S, Rana U, Malik S (2015) Graphene quantum-dot-doped polyaniline
nanofiber as high performance supercapacitor electrode materials. Chem
Commun 51(62):12365–12368
43. Pendashteh A, Mousavi MF, Rahmanifar MS (2013) Fabrication of anchored
copper oxide nanoparticles on graphene oxide nanosheets via an
electrostatic coprecipitation and its application as supercapacitor.
Electrochim Acta 88:347–357
44. Hamra AAB, Lim HN, Chee WK, Huang NM (2016) Electro-exfoliating
graphene from graphite for direct fabrication of supercapacitor. Appl Surf
Sci 360:213–223
45. Jiang L-l, Lu X, Xie C-m, Wan G-j, Zhang H-p, Youhong T (2015) Flexible,
free-standing TiO2–graphene–polypyrrole composite films as electrodes for
supercapacitors. J Phys Chem C 119(8):3903–3910
Submit your manuscript to a 
journal and benefi t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the fi eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
Abdul Bashid et al. Nanoscale Research Letters  (2017) 12:246 Page 10 of 10
